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Abstract 


We propose a new approach for generating a multiple focal hole segment of subwavelength size, 
by tight focusing of a phase modulated azimuthally polarized Laguerre Bessel Gaussian beam 
(APLBGB). The focusing properties are investigated theoretically by vector diffraction theory. We 
observe that the focal hole segment with multiple focal structures separated with different axial 
distances can be generate by properly tuning the phase of the incident azimuthally polarized Laguerre 
Bessel Gaussian beam. We presume that such multiple focal whole patterns may find applications in 
atom optics, optical manipulations and multiple optical trapping. 
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1. INTRODUCTION 


The three-dimensional gradient force optical 
tweezers demonstrated by Ashkin ef al. in 1986 has 
proven to be very useful tool for the manipulation of 
microscopic objects having refractive index higher than 
that of the surrounding medium (high index particle) 
(Sasaki et al. 1992). Such a tweezers, however, cannot be 
used for trapping microscopic particles of refractive index 
lower than that of the surrounding medium (low index 
particles), because these get repelled away from the 
regions of the highest intensity. The ability to trap and 
manipulate such low-index Particles would allow for the 
trapping of bubbles and droplets so that their evolution in 
different liquid media could be investigated. Since low 
index particles such as bubbles are of considerable interest 
for their potential application in the field of biology and 
medicine. For example, recently enhancement of cell 
permeability caused by localized cell damage induced by 
the asymmetric collapse of a bubble has been used for 
drug delivery and transfection of genes into the living cells 
(Gahagan and Swartzlander, 1996). Since the cavitation 
damage by a collapsing bubble depends on its relative to 
trap and manipulate low index particles (Ashkinn and 
Dziedzic, 1989) may enhance the understanding of bubble 
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dynamics and optimize the extent of cell damage caused 
by bubbles. Similarly low index particles are also finding 
use as contrast agents (Wright et al. 1990), and for 
selective destruction of cancer cells (Tadir et al. 1990) 
separation from the surface. Moreover, the conventional 
gradient-force trap based on the design of Ashkin et al. 
has some limitations such as the trapped particles are 
susceptible to optical damage by absorptive heating 
because the center of the trap is located in the high- 
intensity focal region of the beam. This hinder the earlier 
suggestion of biomedical and related applications 
involving micromanipulation of living cells, (Block et al. 
1990) chromosomes, (Swoboda et al. 1993) spermatozoa, 
(Tacgubana et al. 1999) and motor proteins. (Ye et al. 
2004; Prentice et al. 2005). One basic approach for 
trapping low index particles is to generate a region of 
lower intensity, surrounded by a higher intensity region. 
Optical bottle fields also have applications in stimulated 
emission depletion (STED) fluorescence microscopy (De 
Jong et al. 2002), in which the three-dimensional nature of 
the bottle provides enhanced resolution along the 
longitudinal direction (Hell and Wichmann, 1994; Lenz et 
al. 1994). Various techniques have been proposed to 
generate bottle fields (Suyama and Zhang, 2013; Shvedov 
et al. 2008; Chen et al. 2004; Zhang et al. 2011). Many of 
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these involve vortices generated by the use of phase 
masks, spiral phase plates, or spatial light modulators 
(Loiko et al. 2013; Gbur and Visser, 2003). These 
methods typically rely on interference between two 
fundamental Gaussian modes, making them sensitive to 
alignment errors (Mahou et al. 2015). In 2000, Tovar 
proposed new Laguerre—Bessel—Gaussian (LBG) beams 
as solutions of the paraxial wave equation in cylindrical 
coordinates (Tovar, 2000). The LBG beams can reduce to 
the BG modes and LG modes by properly tuning the 
initial parameters. Subsequently, the non-paraxial 
propagation properties of vectorial LBG beams were 
researched based on _ vectorial Rayleigh—Somerfield 
formulas (Mei and Zhao, 2007). Recently, the tight 
focusing properties of radially polarized Laguerre—Bessel— 
Gaussian beams by a high numerical aperture objective in 
the immersion liquid is analyzed based on the vector 
diffraction theory. In this work, based on the vector 
diffraction theory, we suggested a novel method to 
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traplow refractive index particles using a azimuthally 
polarized Laguerre Bessel Gaussian Beam _ phase 
modulated with well optimized phase filters. It 1s 
observed that by suitably modifying the phase of the 
incident beam using a multi belt complex phase filter 
(MBCPF), one can generate multiple focal hole patterns 
with different sub-wavelength dimensions and large focal 
depth that finds applications in multiple optical trapping 
and atom optics application. 


2. THEORY 
The analysis was performed by numerically 
evaluating Richards and Wolfs vectorial diffraction 


equation widely used for high NA focusing systems 
(Richards and Wolf, 1959). The electric field distribution 
in the vicinity of focus for the incident azimuthally 
polarized beam is given by 
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Fig.1: Tight focusing properties of azimuthally polarized Laguerre Bessel Gaussian beam passes through a 
complex phase filter and is subsequently focused by a high-NA lens 
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where A is relative amplitude, 6,,,, = arcsin (NAM) that 
is the maximum aperture angle with (NA/n) Is the ratio 
of numerical aperture (NA) and n is the index of 
refraction between the lens and the sample. k is the 
wave number in free space. J,(0) denotes the nth-order 
Bessel function and the function of T(@) describe the 
amplitude modulation. In the focusing system with a 


1(@) = 


sin@,.. sin 6... 
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high NA objective lens we investigated, the focusing 
beam of light is an azimuthally polarized LBG beam. In 
the cylindrical coordinate system (r, ©, z), the pupil 
function /(@) for a azimuthally polarized LBG beam at 
the source plane z=0 can be defined as (Mei and Zhao, 
2007). 
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With 6, which is the truncation parameter which is 
defined as the ratio of pupil to beam waist in front of 
the focusing objective. @max=arcsin(NA/M) represents 
the maximum value of the convergence angle 9, n is the 


a l 
refraction in the image plane, [, Denotes the Laguerre 


polynomial with the radial and angular modes of 0 
and 1, andJ;is the Bessel function of the first kind of 
order one, respectively. The dedicated Multi Complex 
Phase Filter (MBCPF) is shown in fig 6.1. The MBCPF 
is the combination of phase and amplitude filter which 
has 4 belts in the radial direction. They are reported as 
the most useful DOEs to decrease the focal spot size 
and to improve the focal depth (Prabakaran ef al. 
2014). The effect multi belt complex phase filter on the 
input azimuthally polarized LBGB is evaluated by 
T(@) 


0, for0<0<86,,0,<@<86,, 
1, foré, <@0<48,, 
—-lfor0,<@<486,,.. 


T(0) = 43) 


Here we considered the 4 belt spiral phase hologram 
and the set of four angles are optimized to obtain a 
particular focal patterns using traditional global-search- 
optimization algorithm (Wang et al. 2008). Based on 
this algorithm, we normally choose one structure with 
random values for @;to 63from all possibilities; we then 
numerically simulate their focusing properties using 
vector diffraction theory. If the structure generates a 
sub wavelength single focal spot as expected and 


satisfies the limiting conditions that that the Full With 
Half Maximum (FWHM) of the generated focal spot 
segment is less than 0.5, it is fixed as the initial 
structure during the optimization procedures. In the 
following steps, we then continue to vary @ of one 
chosen zone slowly and in precise increment to 
generate multiple focal spots segments without 
violating the limiting conditions that that the FWHM of 
each of the generated focal spot is less than 0.54 and 
there should be at least five, three or two such focal 
spots in the focal segment. 


3. RESULTS & DISCUSSION 


A schematic diagram of the proposed method 1s 
shown in Fig. 1. We perform the numerical evaluation 
of Eq. (6.1) bysetting the parameters’ = 1 and NA of 
the objective as 0.95. Here, for simplicity, we assume 
that the focusing is on air and the refractive index n is 1 
and the refractive amplitude A is 1. In the following 
step, we continue to increment 8 of chosen zone to 
generate double focal hole segment without changing 
the limiting condition. Fig. 2 illustrate the formation 
of two focal hole segment generated by the high NA 
lens for the CPF optimized with angle 0,=50.90, 0.= 
56.85 and 0;= 60.83 for B= 1.1. It is observed from 
Fig .2(c) that the each of the generated focal hole 
poses focal depth around 4.44 and the FWHM of 
each ring is 0.37A. The axial distance between two 
focal hole structures is measured as 2.14 and are 
measured at r = 0.354 as shown in Fig. 2(b). 





Fig. 2: (a) The 2D normalized intensity distribution in the r-z plane (b) The total intensity distribution at z = 
2.1 (c) The axial intensity distribution at r = 0.352. 
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Fig. 3: (a) The normalized intensity distribution in the r- z plane (b) The total intensity distribution at z = 22 


(c) The axial intensity distribution at r = 0.352. 


Fig. (3) shows the multiple focal hole segment 
generated by the high NA lens for the CPM with for 
B = 1.1. It is observed from the figure that the 
generated focal segment contains array of five focal hole 
each having FWHM of 0.37 A with d of around 1.2 1 and 
axially are separated by the distance z=2A. These angles 
are optimized based on the procedure mentioned for 
the fig. 6.2, but with the limiting condition that the 
FWHM of the generated focal hole segment is less 
than 0.5, and there should be at least five such focal 
holes in the focal segment. 
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Fig. 4. shows the possibility of obtaining series of 
sub wavelength scale focal hole segment of slightly 
different FWHM aligned alternatively along the axial 
direction. We noted that such a focal segment can be 
generated with the CPF optimized with angle 0;= 39.06, 
0,= 42.12 and 6;= 60.83. Fig. (3b) shows the FWHM 
of inner focal holes is 0.384 where the larger located 
alternatively to this is FWHM of 0.8A. The on axial 
intensity measured at r=0.35A shows that the intensity of 
the focal hole at the focus is maximum and _ fades 
exponentially along the longitudinal axis. 
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Fig.4: (a) The normalized intensity 


distribution for multiple focal hole segment. (b) 


The total intensity 


distribution at z = 0. (c) The axial intensity distribution atr = 0.35 
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(a) The normalized intensity distribution in the r- z plane (b) The total intensity distribution at z = 3) 
(c) The axial intensity distribution at r = 0.35) 
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Fig. 5(a) shows that the focal segment obtained 
for the CPF optimized with angle 0,= 36.06", 0= 
41.12 and 03= 48.83. It is observed from figure the 
generated focal hole is having FWHM of 0.33 and 
focal depth of 2.8A.It 1s noted the on axial intensity of 
the focal hole is equal and are axially separated by the 
distance 2.54. Hence we can generated array of 


almost equally intense and uniformly spaced sub 
wavelength focal hole segment which can be used 
trap two low refractive index particles simultaneously. 
Thus by modulating the pupil beam ratio of incident 
LBG for well optimized complex phase filter one can 
also generate many novel focal patterns that suitable for 
trapping of multiple low refractive index particle. 


Table 1. showing the details of the focal patterns obtained for phase modulated APLBG beam 


X X 
(0) (0) a 


~ oe Optimized angle of CPF 


0,=50 90, 0,= 56. 85 and 
Q,= 6°.83. 


§,= 39.06, 0.= 42.12 and 
0,= 48.83 


§.= 39.06, 0.= 42.12 and 
03= 60.83 


0,= 56.06, 0:= 58.12 and 
03= 60.83 


Number 
of Focal 
holes 





4. CONCLUSION 


In conclusion the tight focusing properties of 
azimuthally polarized LBGB focused through a well 
optimized complex phase filter is illustrated numerically 
using vector diffraction theory. Numerical result shows 
that by suitably modulating the phase of the CPF and 
suitably modulating pupil beam ratio of the incident 
APLBGB, there is a possibility to achieve many novel 
focal pattern such as splitting of focal hole segment into 
array of two or five focal hole segment. We also noted that 
the focal segment with slightly different FWHM arranged 
uniformly and alternatively can also be achieved. 
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